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Shaeri and Yaghoubi [25] reported the highest heat transfer rate in a laminar flow for a perforated fin
with the most perforations (porosity), regardless of investigation on the effects of perforation sizes. In this
study, the effects of size and number of perforations on laminar heat transfer characteristics of an array of
perforated fins at the highest porosity of the study of Shaeri and Yaghoubi [25] have been numerically
investigated. The Navier–Stokes and energy equations are solved by the finite volume procedure using
the SIMPLE algorithm. Results show that at a specific porosity, the thermal entrance length of each per-
foration of a fin with a lower number of perforations is larger than that of each perforation of a fin with a
higher number of perforations. Therefore, in a laminar flow and at a constant porosity, a fin with fewer
perforations is more efficient to enhance the heat transfer rate compared with a fin with more perfora-
tions. Although perforated fins have higher friction drag and lower pressure drag with respect to solid
fins, perforated fins do not affect total drag.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Extended surfaces, or fins, used as powerful tools to exchange
heat between a primary surface and ambient fluid have been ap-
plied in almost all industries that use heat exchangers; therefore,
many attempts have been made to design optimized fins. Fin opti-
mization is defined as either reducing the weight of a fin at a spe-
cific heat removal or increasing the heat removal at a specific fin
weight [1]. Studies regarding fin optimization are extensive and
several can be found in [1–16]. The use of perforated fins has been
considered as one of the most useful methods in fin optimization;
in fact, due to perforations, by increasing heat transfer area in one
area and reducing fin weight on the other area, both goals of fin
optimization can be achieved simultaneously.
Souidi and Bontemps [17] considered both plain and perforated
fins in narrow rectangular channels and experimentally investi-
gated the flow insides the channels. Sara et al. [18] and Sahin
and Demir [19] reported enhanced heat transfer from a flat surface
in a channel flow by using perforated blocks with rectangular
cross-sections. The same results also were obtained by using perfo-
rated fins with circular cross-sections in the study of Sahin and De-
mir [20]. Karabacak and Yakar [21] experimentally investigated thell rights reserved.
: +1 414 229 6958.effects of angular locations of holes on perforated fins. According to
their study, at Reynolds numbers above the critical value, the Nus-
selt number was higher for perforated fins compared with imper-
forated fins. Karabacak and Yakar [21] also proposed a
correlation between Reynolds and Nusselt numbers.
Shaeri et al. [22] and Yaghoubi et al. [23] studied the heat trans-
fer characteristics of an array of perforated fins, where perforations
were on the lateral surfaces of fins in a turbulent and laminar flow,
respectively. Although in both [22,23] enhanced heat transfer was
not achieved, considerably lighter fins were obtained without any
penalty in the heat transfer rate. Shaeri and Yaghoubi [24,25]
numerically studied the heat transfer characteristics of arrays of
rectangular perforated fins in turbulent and laminar flows in which
perforations were located along the length of fins. In both studies
[24,25], the authors defined porosity as the emptied volume of
the fin due to perforations divided by the fin volume without per-
forations. Shaeri and Yaghoubi [24,25] reported that a perforated
fin with the highest porosity provides the most enhanced heat
transfer rate.
The present study is a supplement to the study by Shaeri and
Yaghoubi [25] to investigate the effects of perforati ReD on sizes
on the laminar heat transfer characteristics of an array of perfo-
rated fins, in which the perforated fin with the highest porosity
in [25] is selected and its heat transfer characteristics are investi-
gated by changing both the numbers and sizes of the perforations
while the porosity remains unchanged. Then, the obtained results
are compared with those of the solid fin and the fin with the high-
est porosity in [25].
Nomenclature
DA area (m2)
AF fin area that is touched by air in flow direction (m2)
AP frontal area of fin (m2)
Cp specific heat at constant pressure (J kg1 K1)
D, H, L, SF fin thickness, height, length and spacing, respectively
(m)
Dh hydraulic diameter of the duct in [29] (m)
FF, FP, FD friction, pressure and total drag, respectively (N)
h; h local and average convection heat transfer coefficient,
respectively (Wm2 K1)
Hb, Hd block and duct heights, respectively, in [29] (m)
Hp, Wp perforation height and width, respectively (m)
K thermal conductivity of fluid (Wm1 K1)
Lb, Lt block and reference lengths, respectively, in [29] (m)
N number of perforations
Nu average Nusselt number in [29]
NuD;NuD local and average Nusselt
Ri number, respectively, based on the fin thickness
P air pressure (Pa)
_Q heat dissipation rate from the fin (W)
Re Reynolds number
ReD Reynolds number based on the fin thickness
Re⁄ modified Reynolds number in [29]
Ri Richardson number
T temperature (K)
u, v, w velocity components in X, Y and Z directions, respec-
tively (m s1)
X, Y, Z rectangular coordinates
Subscripts
DS, US downstream and upstream, respectively
in inlet
S surface of the fin
SF, PF solid and perforated fin, respectively
1 free stream
Greek symbolsa
thermal expansion coefficient (T1)
b opening ratio in [29]
ePF perforated fin effectiveness
l air viscosity (kg m1 s1)
q air density (kg m3)
U porosity
sw wall shear stress (Pa)
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Perforations like channels are considered through the length of
fins. Fig. 1 illustrates the fin array configurations and the cross-sec-
tion of perforations. Note that the fin in Fig. 1e has the highest both
number of perforations (porosity) and enhanced heat transfer rate
in [25]. Fins depicted in Fig. 1b–d have the same porosity of the fin
in Fig. 1e but they have different numbers and sizes of perforations.
Table 1 provides information about the perforated fins investigated
in this study.
Incompressible air with constant properties in steady-state con-
ditions flows over the faces of fins and inside the perforations. The
Reynolds number based on the fin thickness, ReD, changes from 100
to 350, corresponding to velocity of 0.37–1.28 m/s, which at this
range, flow remains laminar around the fins.
The maximum corresponding Richardson number, Ri ¼ gaDTmaxHV2 ,
at the smallest velocity (0.37 m/s) and the highest height is almost
0.12 and 0.096 for the exterior surfaces of fin and inside the perfo-
ration, respectively. Note that g is the gravitational acceleration, a
is the thermal expansion coefficient a ¼ 10:5ð25þ70Þþ273
 
that is cal-
culated at the mean temperature of the inlet air and the fin base
temperature, DTmax is the difference between inlet air temperature
and fin base temperature, H is the characteristic length and V is the
air velocity. The highest height used to calculate Richardson num-
ber is equal to the fin height (12 mm) for the exterior part of fin
and the largest perforation height (9.6 mm) for inside the perfora-
tion. Therefore, the low values of Richardson numbers certify the
dominance of forced convection in both exterior surfaces of fin
and inside the perforation. Also, the fin material is aluminum with
thermal conductivity of 202Wm1 K1.
Since the flow is uniform and the configuration of the fin arrays
is symmetrical, only one fin instead of entire the fin array is consid-
ered in the computational domain illustrated in Fig. 2 [22–25]. In
Fig. 2, distances from the boundaries to the fin surfaces were ob-
tained by several tests and by using the previous experiences in
[22–26].
At Fig. 2, plane abcd is the inlet boundary and a uniform flow
condition is considered for all variables using, uin = u1, vin = win = 0and Tin = T1 = 298 K. The similar conditions were applied for plane
bckj as the free stream boundary. The zero gradient of variables in
X direction, @ðÞ
@X ¼ 0 was applied for plane ijkl as the outlet boundary
that is far enough from the fin. Planes abji and dckl are symmetry
planes so that the conditions of zero gradients in Z direction,
@ðÞ
@Z ¼ 0 and w = 0 have been applied for them. The remaining planes
are wall and no-slip boundary condition was applied to them.
Plane efgh as the fin base has a constant temperature of 343 K
and planes adeh and gfli are adiabatic. In addition, since the maxi-
mum temperature difference at the computational domain is 45 K,
the radiation heat transfer rate is less than 8% of the total heat
transfer rate [27]; therefore, the effects of radiation heat transfer
can be neglected appropriately.3. Governing equations
Eqs. (1)–(3) describe the governing equations for a three-
dimensional, incompressible steady-state laminar flow with con-
stant properties, as follows:
Continuity equation:
@ui
@Xi
¼ 0 ð1Þ
Momentum equation:
quj
@ui
@Xj
¼  @P
@Xi
þ l @
2ui
@X2i
ð2Þ
Energy equation:
qCpuj
@T
@Xj
¼ K @
2T
@Xi@Xi
ð3Þ
To calculate the temperature distribution inside solid parts of
the fins, the conjugate problem of Fourier’s steady-state heat con-
duction equation with convection in the fluid will be solved, simul-
taneously [24].
(a)- Array of solid fins.                               (b)- Array of fins with 1 perforation. 
    (c)- Array of fins with 3 perforations.                    (d)- Array of fins with 6 perforations. 
     (e)- Array of fins with 8 perforations.                        (f)- Cross section of perforations. 
Fig. 1. Configuration of fin arrays at the present study.
330 M.R. Shaeri, T.-C. Jen / Energy Conversion and Management 64 (2012) 328–3344. Grid generation and computational method
Computational results must be independent of the number of
grid points [22–25]; therefore, for each fin, several computationsTable 1
Geometry of various types of fins in laminar flow.
Number of
perforation, N
Fin length, L
(mm)
Fin height, H
(mm)
Fin thickness, D
(mm)
Fi
(m
0 24 12 4 20
1 24 12 4 20
3 24 12 4 20
6 24 12 4 20
8 24 12 4 20were performed in such a manner that at each computation, the
number of grid was increased. This procedure continues until an
independency is obtained between the computational results and
the number of grid points [22–25]. Table 2 shows a grid study ton spacing, Sf
m)
Perforation width, Wp
(mm)
Perforation height, Hp
(mm)
Porosity
(U)
0 0 0
2.22 9.6 0.44
2.22 3.2 0.44
2.22 1.6 0.44
2.22 1.2 0.44
Fig. 2. Computational domain for arrays of fins in Fig. 1.
Fig. 3a. Three-dimensional view of grid structure for fin with three perforations.
Fig. 3b. Two-dimensional view of grid structure for fin with three perforations.
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perforations.
According to Table 2, by increasing the number of grid points
from Step 3 onwards, the maximum differences in average Nusselt
numbers and friction drags are less than 1%. Therefore, to save both
computation time and computer memory, the number of grid pints
180  80  40 in X, Y and Z directions was selected, respectively, to
simulate flow around the faces of fin with three perforations, as
well as temperature distribution inside and outside the fin. The
same procedure has been performed for other fins to obtain their
corresponding appropriate number of grid points. Moreover, to
capture the recirculation zone and reattachment point over the
faces of fins accurately, grid points are considered dense near faces
of the fins and perforations. Figs. 3a and 3b illustrate the grid struc-
ture for fin with three perforations.
The governing equations are discretized using a finite volume
code with the second-order upwind scheme and are solved based
on the SIMPLE algorithm proposed by Patankar [28]. An iterative
line-by-line method was applied to solve the set of discretized
equations by first solving continuity and momentum equations
to determine the flow field around the faces of fins and inside
the perforations. When the flow field is completely obtained, the
energy equation is solved to determine the temperature distribu-
tion in the computational domain.
5. Validation
Although the developed numerical code in [25] used in the
present study was validated with an experiment, its accuracy is
again tested in this study. Since there is no experimental study
regarding the perforated fins with structures like those in this
study, only the numerical results of flow around a solid fin are
compared with those of an experiment.Table 2
Grid independent studies for the fin with three perforations at ReD = [350].
Step Number of grids in whole
domain (X, Y, Z)
Average Nusselt
number, NuD
Friction drag in flow
direction (N)
1 140  50  30 2.86 2.68  105
2 160  65  35 3.01 2.71  105
3 180  80  40 3.21 2.75  105
4 190  90  50 3.23 2.76  105
5 200  95  55 3.24 2.76  105
6 210  100  60 3.24 2.77  105Nakamura and Igarashi [29] experimentally investigated forced
convection heat transfer from a block located in the center of a
rectangular duct. The block was 45 mm in length, 45 mm in width,
and 2 mm in height, and the length, width and height of the duct
were 235 mm, 200 mm and 10 mm, respectively. Also, the up-
stream distance was 77.5 mm. Fig. 4 illustrates the position of
the block inside the duct. The mean velocity of air at upstream of
the block was in the range of u1 = 0.24–0.72 m s1 and flow re-
mained completely laminar and fully developed at the length of
channel. Nakamura and Igarashi [29] experimentally measured
heat transfer characteristics of the block at both constant heat flux
and constant wall temperature, and they defined the opening ratio:
b ¼ 1 Hb
Hd
ð4Þ
Based on the opening ratio, Nakamura and Igarashi [29] intro-
duced a modified Reynolds number in their experiment:
Re ¼ qu1Lt
b2l
ð5Þ
where Lt is the reference length, either hydraulic diameter of the
duct or block length.
Fig. 4. Position of the block inside the duct in the experiment of [29]. (a): side view,
(b): top view. (This figure is reproduced here by the kind permission of publisher of
[29].)
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study to validate the developed numerical code. Fig. 5 compares
the average Nusselt numbers in simulation and experiment for
the block in different Re⁄ and b. In Fig. 5, the modified Reynolds
number is defined based on the hydraulic diameter of the duct.
The average Nusselt number in [29] is obtained as follows:
Nu ¼
hLb
K
ð6Þ
According to Fig. 5, in this study, the acceptable agreements be-
tween the results of the present simulation with those of the
experiment of [29] verify accuracy of the developed numerical
code.6. Results and discussion
This section presents the Laminar convective heat transfer char-
acteristics of arrays of perforated fins in the range of ReD = 100–
350. Perforations are along the length of fins and their numbers
vary from 1 to 8 at a constant porosity. Due to perforations, a part
of the flow enters inside the perforations; therefore, the fin areaFig. 5. Comparison of the numerical and experimental average Nusselt numbers
around a block. (Some parts of this figure are reproduced by the kind permission of
publisher of [29].)that is touched by fluid increases in a perforated fin compared with
a solid fin. This area can be obtained as:
AF ¼ 2H  Lþ D Lþ 2N  L HP þ 2N  LWP ð7Þ
Based on Eq. (7), the fin area touched by the air becomes larger by
an increase in the number of perforations. Consequently, friction
drag not only is larger in a perforated fin compared with a solid
fin, but also increases by adding the number of perforations. Fric-
tion drag can be obtained as:
FF ¼
X
ðswÞiDAi ¼
X
l @u
@ni
 
DAi ð8Þ
where sw is the wall shear stress over the entire face of each fins
and perforation.
However, a solid fin has a larger frontal area in flow direction
compared with a perforated fin; therefore, the pressure drag is ex-
pected to be larger in a solid fin with respect to a perforated fin. In
addition, since the frontal area is the same for all the perforated
fins in this study, the pressure drag remains almost the same
among all the perforated fins. The frontal area and the pressure
drag can be obtained by the following relations [22–24]:
AP ¼ D H  N  HP WP ð9Þ
FP ¼ 
X
PiDAi
 
US
 
X
PiDAi
 
DS
ð10Þ
The total drag is consists of both friction and pressure drag;
therefore, the total drag in flow direction is obtained as:
FD ¼ FF þ FP ð11Þ
Fig. 6a–6c illustrates friction, pressure and total drag in flow direc-
tion for all types of fins at different Reynolds numbers.
Based on Figs. 6a and 6b, the considerable differences between
friction and pressure drag of a solid fin and that of a perforated fin
is apparent. Also, according to Fig. 6a, due to the low velocity of air
inside the perforations, the difference in friction drag among perfo-
rated fins is negligible at low Reynolds numbers; however, at the
higher Reynolds numbers a slight difference in friction drag among
perforated fins can be detected.
Moreover, the effects of friction and pressure drags indicate
how the total drag remains almost the same among all types of
fins. In other words, perforated fins do not affect total drag.
Eq. (12) describes the Nusselt number that represents the heat
transfer characteristics of an object.
NuD ¼ hDK ð12ÞFig. 6a. Variation of friction drag in flow direction for various types of fins.
Fig. 6b. Variation of pressure drag in flow direction for various types of fins.
Fig. 6c. Variation of total drag in flow direction for various types of fins.
Fig. 7. Distribution of local Nusselt number in flow direction at ReD = 350 for
perforated fins with (a): three perforations and (b): six perforations.
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of different kinds of fins, since the fin areas that are touched by the
air are different among the solid and perforated fins, it is better to
use the local distribution of Nusselt number instead of the average
Nusselt number. Fig. 7 illustrates the local distribution of Nusselt
number at the inner surfaces of perforations of two perforated fins
in flow direction.
According to Fig. 7, the thermal entrance length of each perfora-
tion of a fin with smaller number of perforations is much higher
than that of each perforation of a fin with larger number of perfo-
rations. Therefore, it is expected that between two perforated fins
with the same porosity, the one with smaller number of perfora-
tion is able to enhance the heat transfer rate more than another fin.
To further investigate the heat transfer characteristics of the
perforated fins, perforated fin effectiveness (PFE), the parameter
defined by Shaeri and Yaghoubi [25], is used. Perforated fin effec-
tiveness represents the percentage of increase in heat transfer rate
with respect to a solid fin by using a perforated fin. This non-
dimensional parameter is shown mathematically as follows:
ePF ¼
_QPF  _QSF
_QSF
 100 ð13Þ
where _Q is the heat dissipation rate from the fin and can be calcu-
lated by the following relation [24]:
_Q ¼
X
hiDAiðTS  T1Þ ð14ÞFig. 8 compares perforated fin effectiveness of perforated fins at
different Reynolds numbers.
Based on Fig. 8, at a specific porosity, by a decrease in the num-
ber of perforations (increase in the perforation sizes), the enhanced
heat transfer rate increases significantly such that a fin with one
perforation enhances the heat transfer rate almost 80% at
ReD = 350. However, the fin with eight perforations that had the
highest heat transfer enhancement in [25] has the maximum PFE
equal to 35%. This conclusion is completely compatible with the lo-
cal distribution of Nusselt number in Fig. 7.
In addition, in low Reynolds numbers, fins with more perfora-
tions are not so powerful in order to enhance the heat transfer rate,
while fins with a smaller number of perforations increase the heat
transfer rate considerably, even in low Reynolds numbers.
Saving primary materials of the fins is another important
advantage of using the proposed perforated fins in this study in
such a manner that using such perforated fins reduces the weight
of the solid fins by 44%. Therefore, by using the proposed perfo-
rated fins in this study, two objectives of fin optimization can be
met.Fig. 8. Variation of perforated fin effectiveness.
334 M.R. Shaeri, T.-C. Jen / Energy Conversion and Management 64 (2012) 328–3347. Conclusions
In [25], the authors increased the number of perforations
(porosity) and reported that the heat transfer enhancement has a
direct relation with the porosity. In this study, the fin with the
highest porosity in [25] was selected and without change of its
porosity, the number and sizes of its perforations were varied to
investigate the effects of perforation sizes on laminar heat transfer
characteristics of the fin. The obtained results are as the follows:
(a) Between two perforated fins at the same porosity, the one
with more perforations has the higher friction drag due to
having more floors and ceilings because of the extra perfora-
tions. However, since the velocity in laminar flow is low
inside the perforations, the difference in friction drag is not
sensible in low Reynolds numbers between two perforated
fins at the same porosity.
(b) Due to the same frontal area for all perforated fins, the pres-
sure drag remains almost the same among all perforated
fins.
(c) Total drag, including both friction and pressure drags
remains almost unchanged among all types of fins, including
solid and perforated fins.
(d) At the same porosity, the thermal entrance length of each
perforation of a fin with a smaller number of perforations
is larger than that of each perforation of a fin with a larger
number of perforations.
(e) At the same porosity, the perforated fins with a smaller
number of perforations (larger in perforation sizes) enhance
the heat transfer rate more efficiently in such a manner that
by using perforated fins with one perforation, the heat trans-
fer rate is enhanced nearly 80%.
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